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ABSTRACT 

Specific resistance, absolute thermoelectromotive force, 
and Hall's coefficient in specimens of zirconium monocarbide, 
having a carbon content from 36 to 48 at. %, are studied. 
These properties decrease with a decrease in bound carbon, 
while thermal conductivity increases. 

Zirconium monocarbide is one of the most refractory metal-like com- /1439* 
pounds (Refs. 1, 2) and is of interest as a heat-resisting material (Ref. 3) 
and as a material for direct converters of thermal energy into electrical 
energy (Ref. 4). 

Zirconium monocarbide crystallizes in the NaCl structural type with an 
extensive region of carbon homogeneity (Ref. 5). It is characterized, on the 
one hand, by the great hardness and brittleness which is inherent in covalent 
crystals, and, on the other, by metallic conductivity (Refs. 1, 2, 6-8). The 
physical properties of pure zirconium carbide free from admixture of metals, 
oxygen, or nitrogen have been inadequately investigated. In a previous work 
(Ref. 9 )  we have studied electrical conductivity, thermal conductivity, and 
thermoelectromotive force in the homogeneity region of zirconium monocarbide 
synthesized from materials having technical purity under conditions of a 
technical vacuum of 10 
specimens contained about 1.4% nitrogen impurity. 

~ 

-4 mm Hg. The subsequent analysis showed that these 

A study of the electrical properties in the homogeneity region of ti- 
tanium carbide which we synthesized from materials of high purity (Ref. 10) 
demonstrated the fact that the resistivity of this monocarbide, which is 
close to stoichiometry, is far higher than preceding papers had established 
(Refs. 11, 12), and diminishes as carbon deficiency increases. Measurement 
of thermoelectromotive force a d  Ba11's cnefficients in specimens of pure ti- 
tanium monocarbide indicated that conduction electrons meantime becaiiic c s ~ -  
siderably more concentrated. This concentration predominated over the rising 
dispersion of electrons into the carbon vacancies, with the result that resis- 
tance dropped as the carbon deficiency increased. 

In this connection, the present work has investigated the electrical 

* Numbers in the margin indicate pagination in the original foreign text. 
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resistance (p) , absolute thermoelectromotive force (a), Hall's coefficient (R) , 
and thermal conductivity ( A )  in specimens of pure zirconium monocarbide 
(ZrCO. 96 - ZrCO. 58 ) in the homogeneity region. 

The specimens were synthesized from zirconium iodide (99.85% Zr) and 
acetylene black (99.995% C) at a temperature of 18OO0C in a vacuum resistance 
furnace (evacuated to 4010-~ mm Hg) with a heater of pure graphite containing 
no more than 0.1% of impurities and having a density of 2.2 gram/cc. 
specimens were sintered in the same furnace at 2200OC. 

The 

Absence of the metallic admixtures which ordinarily activate sintering 
(Refs. 13, 14) gave high porosity (20 - 30%) to specimens with a zirconium 
content of less than 90%. With a higher zirconium content, the specimens ob- 
tained were very dense (less than 2% porosity). 
troresistance, thermal conductivity, and Hall's coefficient were computed ac- 
cording to the methods of Skorokhod, Lorb, and Juretschke (Refs. 15, 16 and 17). 

Influence of porosity on elec- 

Composition of the specimens was checked by chemical, spectra, and 
X-ray analyses. The table gives results of the chemical analysis and lattice 
parameters of the specimens. The content of free carbon in the specimens did 
not exceed 0.2%. It is noteworthy that the lattice spacings of the zirconium 
monocarbide specimens with differing carbon contents which we produced are in 
good agreement with the results of Bittner and Goretzki (Ref. 18). The 
findings of qualitative spectral analysis* indicated that the specimens con- 
tained negligibly small amounts of the impurities Ti, Al, and Si, plus traces 
of Fe, Nb, Ni, Mg, Ca, and Hf (total impurity content no more than 0.05 - 0.1%). 

11440 

The method of measuring electrical resistance, thermoelectromotive force, 
and thermal conductivity has been previously given (Refs. 9 ,  19). The Hall 
potential difference was measured by a F18 device. Magnetic field strength 
was 15,000 oersteds; the current passed through the specimen was 2 - 3 amp. 

Hall's coefficient and the thermoelectromotive force of all specimens 
are negative in sign, which indicates that zirconium monocarbide has predomi- 
nantly electron conductivity. 
decreases in absolute value as the carbon deficiency grows larger. 
10) and other authors (Ref. 11) derived qualitatively similar results for 
specimens of titanium monocarbide with variable carbon contents, as opposed 
to findings by Williams (Ref. 21), who detected no changes in Hall's coeffi- 
cient in che t i t s~ i -m Conocarbide homogeneity region. The values for Hall's 
coefficient derived by Willi-ams for specimens close to stoichiometric compo- 
sition are in fairly good agreement with the results of Tsuchida et al. 
(Ref. 20). 

As may be seen from Figure 1, Hall's coefficient 
We (Ref. 

At the present time there are no experimental investigations of the shape 

* G. I. Kibisov kindly conducted the spectral analysis. 
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CHEMICAL COMPOSITION AND LATTICE SPACINGS OF ZIRCONIUM CARBIDES 

Phase 
ComPosi- 
t i o n  

Chemical Composition, 
Weight % 

Molecular- L a t t i c e  
formula SP acing 
Composition* - +0.0005 Z r  

88, l  

89.4 
90, l  
91 ,o 
90 ,o 
90 ,8  
92,2 
9 3 , l  

-- 

'bound 

11,28 
10,70 
10,62 
10.34 
10,08 
9.91 
9,59 
8,05 
7,07 

N 

0,020 
0,040 
0,050 
0,065 
0,033 
0,040 
0,050 
0,047 
0,086 

ZrC 
ZrC 
ZrC 
ZrC 
ZrC 
ZrC 
ZrC 
ZrC 
ZrC 

-_ -_ 
4,7027 
4,6985 
4,6990 
4,6995 
4,6948 
4,6913 
4,6850 

X-ray 
dens i ty ,  
g r a d  cc 

-- -- 
6,508 
6,489 
6,468 
6,449 
6,442 
6,359 
6,303 

* Formula composition w a s  calculated on t h e  b a s i s  of an ana lys i s  
f o r  content of bound carbon, as being most accurate.  

of t h e  Fermi su r face  i n  zirconium monocarbide. In s ign i f i can t ly  s m a l l  magneto- 
and p iezores i s tance  e f f e c t s  have been detected i n  t i t an ium monocarbide, which 
is similar t o  Z r C  s t r u c t u r a l l y  (Ref. 22) and a l s o  similar i n  the  na tu re  of t h e  
inter-atomic bond (Refs. 1 7  - 19) .  This provides a b a s i s  f o r  assuming t h a t  
t h e  Fermi sur face  i n  monocarbides of group I V  has a near ly  sphe r i ca l  shape, 
while t h e  conductivity e l ec t rons  may be considered f r ee .  
drop i n  H a l l ' s  c o e f f i c i e n t  i n  t h e  t r a n s i t i o n  from s to ich iometr ic  carbide t o  
carbon-deficient carbides ind ica t e s  increased concentration of f r e e  e lec t rons :  

I n  t h i s  case t h e  

This r e s u l t  f i nds  no explanation wi th in  t h e  framework of t h e  energy- 1 
eR'  

n E -  

level diagram of valence e l ec t rons  i n  monocarbides of group I V ,  as proposed 
i n  (Refs. 8, 23-25), bu t  is i n  good agreement with t h e  assumption t h a t  some 
of t h e  metal-carbon valence bonds are disengaged and with t h e  formation of 11441 
unshielded m e t a l - m e t a l  bonds, when the  number of carbon defec ts  increases  i n  
monocarbides of t h e  N a C l  s t r u c t u r a l  type (Ref. 26). The increase  i n  t h e  con- 
c e n t r a t i o n  of f r e e  e l ec t rons ,  as carbon deficiency i n  zirconium monocarbide 
grows l a r g e r ,  is  probably t h e  reason fo r  t h e  observed decrease i n  t h e  absolu te  
value of t h e  thermoelectromotive force  (Figure 1). 

Figure 1 a l s o  ind ica t e s  t h e  dependence of zirconium monocarbide resistance 
on carbon content.  
s u b s t a n t i a i i y  exceeds t k   slues reported earlier f o r  specimens produced by 
ho t  press ing  (Refs. 1, 6) ,  o r  by cold press ing  and vacuum s i n t e r l a g  frcz 
t echn ica l ly  pure materials (Ref. 9 ) .  It approaches t h e  values reported f o r  
pure t i t an ium monocarbide (Refs. 10,  27, 28) and zirconium monocarbide produced 

In monocarbides w i t h  high carbon content,  t h e  va lue  of P 
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Figure 1 

Dependence of R e s i s t i v i t y  
(p) , Absolute Thermoelec- 
tromotive Force ( a ) ,  Hall's 
Coeff ic ien t  (R) , and Thermal 
Conductivity (A) of Zirconium 
Carbide on Content of Bound 
Carbon : 

4 -- R, 5 -- R (findings of 
Tsuchida e t  a1 [Ref. 201) 

1 -- P, 2 -- A ,  3 -- a ,  

by p r e c i p i t a t i o n  from the  gaseous 
phase* (Ref. 27). The electrical 
r e s i s t ance  of s t rongly  as to ich iometr ic  
specimens inves t iga t ed  i n  the  pre- 11442 
s e n t  work do not  d i f f e r  very g r e a t l y  
from the  values derived earlier 
(Ref. 9) f o r  specimens of t echn ica l  
pur i ty .  

As may be  seen from Figure 1, 
t h e  electrical resistance of zirconium 
monocarbide specimens decreases as 
t h e i r  carbon content decreases. This 
agrees wi th  t h e  r e s u l t s  obtained for 
ti tanium monocarbide (Ref. lo), as 
w e l l  as with the  na tu re  of t h e  change 
i n  p i n  carbides of t echn ica l ly  pure 
titanium and zirconium, a f t e r  taking 
i n t o  consideration t h e  cont r ibu t ion  
made by d ispers ion  of e l ec t rons  i n  
t h e  carbon vacancies (Ref. 9). The 
observed decrease i n  p with decrease 
i n  carbon content ,  desp i t e  t h e  rise 
i n  concentration of carbon vacancies 
and t h e  dec l ine  i n  s t r eng th  of t h e  
in te ra tomic  bond (Ref. 9), i n d i c a t e s  
t h e  predominant e f f e c t  of t h e  inc rease  
i n  concentration of conductivity elec- 
trons.  
same as f o r  t he  observed increase  i n  
thermal conductivity of pure zircon- 
ium monocarbide as carbon content 
decreases (Figure l), while i n  speci- 
mens of t echn ica l ly  pure monocarbide 
t h e  reduction i n  carbon content l e d  
t o  reduced thermal conductivity 
(Ref. 9).  

The reason is probably t h e  

The temperature dependence of re- 
s i s t a n c e  and thermoelectromotive force  
i n  specimens wi th  d i f f e r i n g  carbon 

0.96 
* A r e s i s t a n c e  of about 190*10-6 ohm*cm w a s  found f o r  t h e  specimen Z r C  

) produced by p r e c i p i t a t i o n  from the  gaseous phase. 

mately ha l f  t h a t  of t h e  value es tab l i shed  i n  t h e  present  work f o r  specimens 
of similar composition produced by press ing  and s in t e r ing .  
reason f o r  t h i s ,  as i n  the  case of t i t a n i u m  monocarbide (Ref. l o ) ,  is t h e  
lesser number of microdefects which are not taken i n t o  account by t h e  
co r rec t ion  (Ref. 15) f o r  macroscopic poros i ty  of s i n t e r e d  specimens. 

This is  approxi- 

The probable 

(No. 002 
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Figure 2 

Dependences of Spec i f ic  
Electrical Resistance and 
Absolute Thermoelectromotive 
Force of Zirconium Monocarbide 
Specimens on Temperature 
and Composition: 

-- ZrCO. 88 (NO. 005) ’ 
-- ZrCO. 86(N0.002), 

-- ZrC0.81(N0.004)’ 

-- ZrCO, 58 (NO. 006; 9 

-- ZrC0.836(N0.003 1 

contents i s  shown in  Figure 2. 
f i c  electrical resistance and abso- 
l u t e  thennoelectromotive fo rce  rise 
l i n e a r l y  w i t h  t h e  r ise i n  tempera- 
t u r e ,  while t he  s lope  of t h e  s t r a i g h t  
lines showing t h e  temperature depen- 
dences of s p e c i f i c  resistance and 
thermoelectromotive fo rce  does not  
remain constant,  i.e., t h e  Matthiessen 
r u l e  i s  not f u l f i l l e d  i n  the  same 
way as w a s  earlier ascer ta ined  (Refs. 
10, 19) f o r  t h e  monocarbides of o the r  
t r a n s i t i o n  metals of groups I V  and V, 
including t echn ica l ly  pure zirconium 
monocarbide.* 

Speci- 

I n  conformity with (Ref. 19) ,  
t h e  s lope  of the s t r a i g h t  l i n e s  of p 
and a becomes less as t h e  carbon con- 
t e n t  drops, desp i t e  t h e  increased am- 
p l i t u d e  of t h e  thermal o s c i l l a t i o n s  
of t h e  atoms i n  the  l a t t i ce  of t h e  
more defec t ive  monocarbide specimens. 
This apparently ind ica t e s  a change 
i n  t h e  parameters of t he  conduction 
zone i n  the  monocarbide as carbon 
content changes. I n  studying the  
temperature dependences of t he  thermo- 
electromotive fo rce  and electrical 
r e s i s t ance  of pure t i tanium monocar- 
b ide  with a varying carbon content,  
it w a s  demonstrated (Ref. 10) t h a t  
t h e  e f f e c t i v e  m a s s  of t he  conduc- 
t i o n  e l ec t rons  decreases with a re- 
duction i n  carbon content. The s i m i -  
l a r  na tu re  of the  temperature depen- 
dences of p and a,  es tab l i shed  i n  
the present  work f o r  zirconium mono- 
carbide,  shows t h a t  -- with a weaken- 
ing  of t h e  sh i e ld ing  of the  bonds be- 
tween metal atoms by e l ec t rons  i n  t h e  
Zfrec t inna l  metal-carbon bonds -- t h e  
conduction band, which is  b a s i c a l l y  
S-shaped and which i s  formed by m e t a l -  
metal bonds, becomes wider ( i t s  

* The relative loca t ion  of t he  s t r a i g h t  l i n e s  showing temperature dependence 
of the zirconium monocarbide specimens d i f f e r s  from t h e  case of t echn ica l ly  
pure  specimens (Ref. 19). I n  conformity with Figure 1 the  s t r a i g h t  l i n e s  
f o r  t h e  specimens r i c h e r  i n  carbon are loca ted  higher than t h e  corresponding 
s t r a i g h t  l i n e s  f o r  specimens with lesser carbon contents. 
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effective mass drops) as carbon content diminishes (Ref. 26). 

Conclusions 

A study has been made of specific resistance, absolute thermoelectro- 
motive force, and Hall's coefficient in specimens of zirconium monocarbide 
synthesized from pure zirconium and carbon under vacuum and having a car- 
bon content from 36 to 48 at. %. 

It is shown that the current carriers in zirconium monocarbide are free 
electrons. With a decrease in the content of the bound carbon there is a 
drop in electrical resistance, thermoelectromotive force, and Hall's coeffi- 
cient, and a rise in thermal conductivity in zirconium monocarbide. 
is caused by liberation of some of the valence electrons of zirconium from 
localized metal-carbon bonds. 

This /1443 

As temperature rises, specific resistance and absolute thermoelectro- 
motive force in the zirconium monocarbide specimens rise 
with reduction in carbon content the slope of the straight lines showing 
temperature dependence of electric resistance and thermoelectromotive force 
becomes smaller, which has its probable cause in reduction of the effective 
mass of the conductivity electrons. 

linearly, while 
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